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Renal structural abnormalities following recovery from acute lowed by late development of segmental glomerular scle-
puromycin nephrosis. rosis independent of any further administration of puro-
Background. Rats that recover from acute puromycin ne- mycin [3]. Persistent tubulointerstitial changes includingphrosis later develop widespread glomerular and tubulointer-
interstitial edema, focal tubular atrophy and dilation, andstitial injury. The current study sought to identify structural
changes present in the recovery phase that could precipitate infiltration of inflammatory cells have been identified dur-
progressive renal disease. ing the recovery phase [4–6]. Remarkably, the glomeru-
Methods. Stereologic studies were performed 10 weeks after lar structure has been reported to return to normal withadministration of puromycin (PAN) or saline (Cont). Serial sec-
the initial remission of proteinuria [2, 3]. The current studytions were examined to assess glomerular structure.
Results. Rats receiving puromycin developed heavy protein- re-examined the kidney structure following recovery of
uria that returned nearly to control levels at 10 weeks. Kidneys puromycin nephrosis. Stereologic techniques were used
in these animals were moderately enlarged and exhibited ex- to quantify changes in glomerular, proximal tubular, andpansion of the interstitium (PAN, 254  47 mm3; Cont, 152 
interstitial structure. Serial sections were examined so that23 mm3; P  0.05). The average glomerular volume was not
different from control (PAN, 1.90  0.38  106 m3; Cont, changes in glomerular volume and structure could be
2.07  0.47  106 m3), but a subpopulation of glomeruli of correlated in individual glomeruli. A particular aim was
about half normal size was found in PAN rats. Serial sections to identify residual changes in the visceral epithelial cellrevealed that most of these glomeruli were not connected to
structure following the initial recovery from nephrosis.normal tubule segments. Serial sections also revealed that more
than 90% of glomeruli in rats recovering from nephrosis had Within the kidney, the visceral epithelial cell is thought
synechias joining the tuft to Bowman’s capsule. Synechias occu- to be the major target of puromycin toxicity. Recent
pied an average of 8  11% of the Bowman’s capsule surface studies have suggested that visceral epithelial cells can-in PAN animals versus less than 1% of the surface in controls.
not divide and the damaged visceral epithelial cells can-The appearance of synechias was not associated with a reduc-
tion in the mean number of visceral or parietal epithelial cells not be replaced [7, 8]. One aim of this study, therefore,
per glomerulus. was to determine whether puromycin nephrosis results
Conclusions. Acute puromycin nephrosis does not cause a in a reduction in visceral epithelial cell number. Visceralnotable reduction in visceral epithelial cell number. However,
epithelial cell injury also can result in adhesions betweenwidespread glomerular injury characterized by synechia be-
the tuft and Bowman’s capsule, which are thought to de-tween the tuft and Bowman’s capsule is present following re-
mission of proteinuria. Progression of this residual glomerular velop when areas of glomerular capillary basement mem-
injury could contribute to the late development of glomerular brane denuded of visceral epithelial cells come in contactsegmental sclerosis following recovery from acute nephrosis.
with the parietal epithelium. A second aim of this study
was to assess the prevalence and extent of such adhesions
following recovery from nephrosis.Rats given puromycin aminonucleoside develop tran-
sient visceral epithelial cell injury accompanied by heavy
proteinuria [1, 2]. Initial recovery from nephrosis is fol- METHODS
Tissue preparation
Key words: nephrosis, synechia, adhesion, glomerulus, tubule, intersti-
tium, progressive renal injury. Six male Munich-Wistar rats weighing approximately
250 g were given 50 mg puromycin aminonucleoside IV
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was measured after 2 and 10 weeks using the Coomassie V(total glom)  Vv(glom/cor) · V(cor) (Eq. 2)
method. At 10 weeks the kidneys were perfusion fixed Glomerular number was calculated using the dissector
through the aorta with 1.5% glutaraldehyde in 0.1 mol/L principle [9, 10]. For this purpose the first and the third
cacodylate buffer (pH 7.4) and weighed. The right kidney of the three 15-m-thick sections cut from each selected
was cut into approximately ten 2-mm-thick slices perpen- kidney slice were displayed in adjacent windows of the
dicular to the long axis. Systematic, uniformly random monitor. The numbers of glomeruli [Q(glom)] disappearingsampling was accomplished by selecting every other slice from the first to the third sections and visa versa were
beginning with a random selection of either the first or counted and the area of each section was determined by
the second slice [9]. The selected slices were embedded point counting. The total number of glomeruli [N(glom)]
in Technovit 7100 (Heracus Kulzer GMBH, Wehrheim, in each kidney was then estimated as:
Germany). From the approximate center of each slice,
three serial 15-m sections were cut on a Leica RM 2165 N(glom) 
 Q(glom)i/2
 Ai · h
· V(cor) (Eq. 3)
microtome, stained with periodic acid Schiff (PAS), and
used for determination of cortical volume, total glomeru- where Q(glom) is divided by 2 since the glomeruli werelar volume, glomerular number and mean glomerular vol- counted in two directions, h is the height of the dissector
ume. Additional 2 m sections cut from the same blocks (30 m), and A is the area of cortex of each sampled
were used for the determination of interstitial volume section. The coefficient of error obtained using this tech-
and tubule length. From each of the tissue slices not nique for repeat measurements on selected animals was
embedded in Technovit, a block extending from the cap- approximately 4%. The average volume of single glo-
sule to the corticomedullary junction was cut and embed- meruli v (glom) was then calculated from values for total
ded in Epon. In each animal, one of these blocks was glomerular volume and glomerular number:
randomly selected and 200 2-m-thick serial sections
were cut perpendicular to the capsule, stained with tolu- v(glom) 
V(glom)
N(glom)
(Eq. 4)
idine blue, and used for measurement of the structural
features of individual glomeruli. Additional 1-m thick
sections were cut from another Epon embedded block Measurements on 2 m Technovit sections
and used to assess tubule diameters and the relationship The volume fraction of the cortical interstitium
of tubules to peritubular capillaries. [Vv(int/cor)] was determined by point counting and the vol-
ume of the cortical interstitium was then calculated as:Measurements on 15-m Technovit sections
V(int)  Vv(int/cor) · V(cor) (Eq. 5)A computer assisted stereologic system (C.A.S.T.-
grid; Olympus, Copenhagen, Denmark) was used to dis- Proximal tubule length was assessed by determining the
play tissue images from a microscope on a monitor. Vol- number of proximal profiles [QA(pt)] within counting
umes of different structural components were assessed frames that were randomly spaced over the 2 m sec-
by point counting using appropriate overlays on the mon- tions. Abnormal tubular profiles were present but usually
itor. For each component, the portion of the tissue exam- could not be identified as either proximal or distal and
ined was adjusted so that an adequate number of points so were not counted. The average total length of normal
were counted and the microscope stage was moved in a appearing proximal tubule per animal was then calcu-
predetermined manner to achieve random sampling. The lated as:
volume fraction of the cortex [Vv(cor/kid)] was determined
L(pt)  QA(pt) · V(cor) (Eq. 6)on images of kidney cross sections from each of the se-
lected slices at a magnification of70. The arcuate arter- Equation 6 assumes general isotropy of the tubules stud-
ies were considered to delineate the border of the cortex ied. This is accomplished by turning the local anisotropy
and Vv(cor/kid) was calculated as the number of points falling of the tubules into a general tubule isotropy using the
on cortex divided by the total number falling on the cutting and sampling design described.
kidney sections. The absolute volume of the cortex [V(cor)]
Measurements on Epon sectionswas then calculated as:
The volume of individual glomeruli was measured onV(cor)  Vv(cor/kid) · KW (Eq. 1) the 2 m Epon embedded serial sections using the Cava-
where KW is the kidney weight and the density of kidney lieri method [11]. Six to nine complete glomeruli in five
tissue is assumed to be 1 g/cm3. The glomerular tuft vol- animals from each group were examined as they ap-
ume fraction [Vv(glom/cor)] was measured at a magnification peared beginning at one end of the set of serial sections.
of 140 on the same sections and the total glomerular Only glomeruli with centers located more than the
largest glomerular diameter from the edge of the tissuevolume was then calculated as:
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were included, so that glomeruli were examined indepen- The circumference of the Bowman’s capsule profile
and the lengths of contacts between the tuft and Bow-dent of their size. The area of the glomerular tuft profiles
man’s capsule were also measured in the majority of the[A(glom)] was measured on every sixth section using the
individual glomeruli. These measurements were madenucleator method as provided in the stereologic soft-
on the monitor at a magnification of 470 using theware. The glomerular volume was then calculated as:
morphometric software. Every third section from the
v(glom)   A(glom)i · t (Eq. 7) sampled glomeruli was examined and the fraction of
Bowman’s capsule in contact with the tuft [%(contact)] waswhere t  12 m was the interval between the profiles
calculated as:examined. Each glomerulus was further classified as be-
ing either connected to a normal proximal tubule, con-
%(contact) 
 L(contact)
 L(circumference)
· 100 (Eq. 9)nected to an atrophic proximal tubule or without any
tubular connection [12].
Additional features of glomerular structure including where L(contact) and L(circumference) are the lengths of the con-
tact and profile circumferences, respectively. The frac-visceral epithelial cell number, parietal epithelial cell
tion of the tuft circumference in contact with the juxta-number, and the fraction of the tuft surface adhering
glomerular apparatus including afferent and efferentto Bowman’s capsule were measured in the glomeruli
arterioles was assessed in a similar manner as previouslyexamined in serial sections. Visceral epithelial cell num-
described [13]. Electron micrographs were prepared inber was measured using the fractionator method, which
selected animals to further evaluate the structure of thedoes not depend on the values obtained for glomerular
tuft synechias with Bowman’s capsule.volume [10]. Every sixth section was sampled as a refer-
Proximal tubule cross sections were examined in 1 mence section and the next section as the corresponding
sections of Epon embedded tissue. Tubule diameter waslook-up section so that glomeruli were examined at 4 to
measured as the dimension perpendicular to the longest16 levels depending on their size. The sections were
axis of the tubule profile. Abnormal tubule profiles thatexamined directly through the microscope using a 60
could not be identified clearly as proximal were againoil immersion objective while the image of the reference
not evaluated. The fraction of the tubule circumferencesections was displayed on the monitor at a magnification
in direct contact with peritubular capillaries was assessedof 1470. Epithelial cell nuclei seen through the micro-
using the method employed to measure the contact areascope were marked on the monitor image using different
of the glomerular tuft with Bowman’s capsule. The frac-colors for the reference and look-up sections. Nuclei not
tion of the tubule circumference in contact with capillar-marked with both colors were thus identified as begin-
ies was assessed in approximately 40 randomly chosenning or disappearing in the tissue volume sampled and
tubule profiles.the visceral epithelial cell number of the glomerulus was
calculated as: Statistics
Values in the puromycin and control groups were com-N(VEC) 
 Qi
2
·
1
F
(Eq. 8)
pared using the unpaired t test. Values for glomeruli in
three different size categories in puromycin rats were
where Qi is the number of nuclei counted both ways and compared using the analysis of variance (ANOVA) and
the sampling factor (F) is one sixth because one sixth of Fisher PLSD test for pair-wise comparisons. Linear re-
the glomerulus was examined. Calculations were based gression was used to assess potential correlations be-
on the assumption that cells have single nuclei, so the tween visceral epithelial cell number and other features
cell number could have been overestimated when there of glomerular structure.
were binucleate epithelial cells. When two nuclear pro-
files were seen within the same epithelial cell structure,
RESULTShowever, they were counted as one. Thus, a count was
too high only when double nuclei could not be identified Values for urine protein excretion and body weight
as being with in the same cell. The number of instances are summarized in Table 1. Protein excretion in rats that
in which cells were observed to have two nuclei suggested received puromycin reached an average of 511 183 mg/
that this happened very rarely. Cells of an uncertain type day at 2 weeks and then returned to a value only slightly
were sometimes encountered in areas of tuft adhesion greater than normal at 10 weeks. Initial heavy protein-
to the capsule, and these cells were not counted. Parietal uria was accompanied by a slowing in growth that did
epithelial cell number was measured in the majority of not persist when proteinuria resolved.
the glomeruli using the same technique. In very small Inspection of 15 m PAS-stained sections revealed
glomeruli, parietal epithelial number was not recorded only subtle morphologic changes following recovery from
nephrosis. A few glomeruli exhibited condensed capillar-because the cells could not be identified with confidence.
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Table 2. Measurement of cortical and glomerular structure inTable 1. Proteinuria and body weight
kidney cross sections
Puromycin Control
Puromycin Control
Urine protein mg/day
2 weeks 511183a 244 Kidney weight g 1.870.12a 1.580.05
Cortical volume fraction % 573 57310 weeks 5727a 2521
Body weight g Cortical volume mm3 1058104a 90344
Total glomerular volume mm3 538 4642 weeks 2456a 27510
10 weeks 32113 33413 Glomerular number 103 266 234
Mean glomerular volume 106 lm3 1.900.38 2.070.47Data are means  SD.
a P  0.05 puromycin vs. control Data are means  SD.
a P  0.05 puromycin vs control
Fig. 1. Volumes of individual glomeruli examined in serial sections. Columns show the volumes of 40 individual glomeruli in rats recovering from
puromycin nephrosis. The volumes of 33 glomeruli in control rats are depicted as a black line. Very small atubular glomeruli with volumes below
0.3 million cubic microns were seen in both puromycin and control rats. Puromycin rats also exhibited a number of glomeruli of about half normal
size, most of which were atubular or connected to atrophic tubule segments. Symbols are: () atubular; ( ) atrophic tubule segment; () normal
tubule segment.
ies and small hyaline-like droplets in the mesangial areas volume increased in parallel with kidney weight, rising
to 1058 104 mm3 in puromycin treated rats from 903and in Bowman’s capsule. Slight focal and segmental
glomerulosclerosis was noted in one animal. Slight arteri- 44 mm3 in control rats. Total glomerular volume, how-
ever, did not increase. As expected, values for glomerularolar hyalinosis also was present along with a scarce inter-
stitial lymphocytic infiltrate and minor interstitial fibro- number were similar in puromycin treated and control
rats. Glomerular volume obtained by dividing total glo-sis. A few tubules showed atrophy and a few tubules in
the outer medulla were dilated with hyaline casts. Con- merular volume by glomerular number, therefore, also
were similar, averaging 1.90 0.38 106m3 in puromy-trol rats showed only some very small areas of tubular
atrophy while glomeruli and vessels were normal. Exami- cin rats and 2.07  0.47  106 m3 in control rats.
Examination of serial 2-m sections revealed that re-nation of 2 m sections of plastic embedded tissue re-
vealed irregularity of the glomerular tuft contours in sidual glomerular injury was more extensive than was
apparent on examination of single sections. Average glo-puromycin treated rats that was due in part to adhesions
between the tuft and the parietal epithelium of Bow- merular volume, as determined by the Cavalieri method,
was again not different in puromycin treated and controlman’s capsule. The mesangial areas also appeared to be
increased in size to a limited degree. The same was found rats. Greater variation was observed in puromycin treated
rats than in the controls (Fig. 1). In accord with previousfor the interstitium in the cortex while no significant
interstitial changes were seen in the medulla. reports, control rats exhibited occasional very small glo-
meruli that were not connected to tubules [12]. As illus-Recovery from nephrosis was also associated with an
increase in kidney weight, as summarized in Table 2. Mor- trated in Figure 2, these glomeruli had a low capillary
volume and appeared dense. Puromycin rats also exhib-phometric studies showed that the fractional volume of
the cortex remained constant while the total cortical ited occasional glomeruli of similar small size and ap-
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Fig. 2. Very small glomeruli. (a ) A very small glomerulus (G) in a
normal animal. (b ) A very small atubular glomerulus (on the right)
and a normal glomerulus in a puromycin rat. The atubular glomerulus Fig. 3. Glomerular tubular junctions. (a) A normal glomerular (G)has been cut near its midsection and the normal glomerulus away from
tubular junction. There is an abrupt transition (arrow) between the thinits midsection so that the profiles are nearly the same size. The atubular
Bowman’s capsule (BC) and proximal tubule (PT) epithelium with aglomeruli have small capillary lumina and appear dense and alike in
normal brush border (BB). (b) Junction of the glomerulus to an atrophicthe two groups.
tubule segment in a rat recovering from nephrosis. A thickened Bow-
man’s capsule (BC) joins a tubule that has an attenuated epithelium
without a normal brush border and a thickened basement membrane
(arrowhead).
pearance. In addition, puromycin rats exhibited a num-
ber of glomeruli of intermediate size with volumes be-
tween 0.6 and 1.1  106 m3. Serial sections revealed
mals. These synechias had the appearance of cellularthat reduced size in these glomeruli was associated with
bridges connecting the tuft to the capsule (Fig. 4). Theabnormality of the attached tubule segment in six of
parietal base of the synechia commonly had the appear-seven cases. In two of these cases the glomerulus was
ance of a triangular or wedge shaped thickening of Bow-atubular and in four the attached tubule segment exhib-
man’s capsule. Focal thickening of the capsule and en-ited atrophy characterized by attenuation of cell cyto-
largement of parietal epithelial cells also were observedplasm and an absence of the brush border (Fig. 3).
sometimes in areas where there were no synechia (Fig. 5).Additional structural measurements made in individ-
Enlarged parietal epithelial cells frequently containedual glomeruli are summarized in Table 3. Serial sections
dark vesicles having the appearance of lysosomes andrevealed that most glomeruli in animals recovering from
similar vesicles were sometimes present in visceral epi-acute nephrosis had synechias joining the tuft to Bow-
thelial cells (Fig. 6). On light microscopy, amorphous ma-man’s capsule. Only 1 of 33 glomeruli examined in con-
terial appeared to connect the distorted tuft segmentstrol animals had a synechia, while in contrast, synechias
were observed in 38 of 40 glomeruli in puromycin ani- of the synechia to the adjacent renal interstitium. In one
Table 3. Measurement of glomerular structure in serial sections
Puromycin Control
Glomerular size category Normal Intermediate Small Normal Small
size range in 106 lm3 1.2 0.6–1.1 0.3 1.2 0.3
Number of glomeruli 30 7 3 31 2
Attached to normal tubule segment 30/30 1/7 0/3 31/31 0/2
Glomerular volume 106 lm3 1.940.40 0.760.16 0.160.11 1.800.42 0.090.03
Area of synechias % 912a 32 107 14 0
Visceral epithelial cells N/glom 21260 17939 627bc 19341 563b
Parietal epithelial cells N/glom 12539 8229b — 12932 —
Tuft contact with JGA % area 1.60.8 2.31.5 — 1.30.3 —
Parietal epithelial cell number and tuft juxtaglomerular apparatus (JGA) contact could not be assessed in small glomeruli.
a P  0.05 puromycin vs. control in same size category
b P  0.05 vs. glomerulus with normal size in same group
c P  0.05 small vs. intermediate sized glomerulus in puromycin group
Fig. 4. Typical appearance of synechias following recovery from acute nephrosis. (a) A glomerular profile appears normal except for the presence
of two synechias (S), which in this example are located midway between the vascular pole (A) and the junction of the proximal tubule with the
urinary space (U). (b) Higher power micrograph of one of these synechia. The position of the cell marked (P) suggests that it may be a parietal
cell that has extended into the tuft, while cells marked (V) appear to be visceral epithelial cells, one of which contains lysosome-like vesicles (*).
Fig. 5. Focal changes in the structure of Bowman’s capsule following recovery from nephrosis. (a) The parietal epithelium appears normal (arrow)
over most of the capsular surface. In one quadrant, however, parietal epithelial cells are enlarged (double arrow) and the capsular basement
membrane appears to be thickened and split (short arrow). (b) Higher power micrograph showing enlargement of the parietal epithelial cells and
the presence of lysosome-like vesicles (*). Examination of serial sections revealed no nearby synechia in this case.
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Fig. 7. Diagrammatic representation of the tuft surfaces of five glomer-
uli reconstructed from serial sections. Areas of synechia (shaded), the
proximal tubule junction (), and contact with the juxtaglomerular
apparatus at the vascular pole (black) are shown. Synechias are variably
located in relation to the tubule junction and vascular pole. (A) Glomer-
uli from a control animal; (B–E ) from animals recovering from nephro-
sis. Panel E represents an atubular glomerulus.
the tuft and glomerular volume. In particular, synechias
did not occupy a larger portion of the tuft surface in the
subpopulation of glomeruli with intermediate volume
than in the glomerular population as a whole.
The development of synechias was not associated with
a reduction in the number of visceral epithelial cells per
glomerulus. As might be expected, visceral epithelial cell
number was low in the very small glomeruli found in both
puromycin and control rats. However, visceral epithelial
cell number was not significantly reduced in the subpopu-
Fig. 6. Residual changes in epithelial cell structure following recovery lation of glomeruli with intermediate volumes or in glo-from acute nephrosis. (a) Light micrograph showing vesicles in a parietal
meruli that retained a normal volume following recoveryepithelial cell (arrow) that appears thickened in comparison with adja-
cent cells. One nearby visceral epithelial cell also contains vesicles from nephrosis. Visceral epithelial cell number also was
(double arrows) while another does not (arrowheads). (b) Electron not correlated with the number or extent of synechias.micrograph illustrating the vesicles in epithelial cells. Lysosome-like
The visceral epithelial cell number did tend to increasevesicles (* and **) are seen in a visceral epithelial cell (double arrow)
and parietal epithelial cell (arrow). Arrowhead marks the junction be- with glomerular volume, but this correlation did not
tween two parietal epithelial cells. The capsular basement membrane is achieve statistical significance in control rats when verythickened beneath the enlarged cell (toward the right of the photograph)
small glomeruli were excluded [r 0.39, 95% confidencethat contains vesicles.
interval (CI)0.10 to 0.71; Fig. 8]. When very small atu-
bular glomeruli were excluded but intermediate size glo-
meruli were included, visceral epithelial cell number and
glomerulus, the amorphous material extended around glomerular volume remained correlated in puromycin
the neck of the proximal tubule, which was atrophic rats (r  0.45, 95% CI 0.03 to 0.70). The significance of
where it joined the glomerulus but more normal distally. the correlation coefficient for this comparison, however,
The average number of synechias per glomerulus in could not be considered established due to an excessive
the puromycin treated rats was 2.6  0.5. Morphometric variation in the correlation coefficients for individual
studies showed that the synechias occupied an average animals. In the controls, visceral epithelial cell nuclei
of 8 11% (range 0 to 52%) of the surface area of Bow- were relatively uniform in shape and outlined by a dark
man’s capsule. Synechias were not more prominent near rim of condensed chromatin, and double nuclei were not
the vascular pole or tubule opening, but rather occurred observed. In the puromycin-treated rats, nuclei some-
randomly over the tuft (Fig. 7). No correlation was ob- times appeared indented and less uniform in shape. Dou-
ble nuclei, each containing a nucleolus, were encounteredserved between the extent to which synechias covered
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Fig. 8. Relationship of visceral epithelial cell
number to glomerular volume in control rats
(A) and rats recovering from puromycin ne-
phrosis (B). Symbols are: (black circle) very
small atubular glomeruli; (gray circle) inter-
mediate sized glomeruli; (open circle) glomer-
uli with normal volume.
Table 4. Measurements of proximal tubular and the most interesting of these conditions is acute puromy-
interstitial structure
cin nephrosis. Administration of a single dose of puromy-
Puromycin Control cin causes podocyte injury accompanied by heavy pro-
Interstitial volume fraction % 245a 172 teinuria that reaches a maximum between one and two
Interstitial volume mm3 25447a 15223 weeks [1, 2]. Protein excretion then returns almost to nor-
Proximal tubule length m 24326a 20023
mal levels at four to eight weeks and remains low forProximal tubule diameter lm 564 553
Proximal tubule capillary contact % 3212 4012 several weeks thereafter. Morphologic studies have re-
Data are mean SD. ported that glomerular structure appears normal during
a P  0.05 puromycin vs. control this initial period of recovery [2, 3, 6]. Subsequently,
protein excretion again rises and segmental glomerular
sclerosis develops [3, 6]. Tubular atrophy and interstitial
in occasional cells. In addition, though urine protein had fibrosis, which are present to a modest degree during the
decreased nearly to control levels, lysosomal-like vesicles period of recovery, worsen with the recurrence of pro-
were seen in some visceral epithelial cells in all areas of teinuria and development of sclerosis.
the tuft. Parietal epithelial cell number as well as visceral The present study re-examined the glomerular struc-
epithelial cell number remained normal in glomeruli that ture in rats recovering from acute puromycin nephrosis.
retained a normal volume following recovery from ne-
Stereologic methods were used to look for subtle changesphrosis. However, a reduction in parietal epithelial cell
that might contribute to the later development of glomer-number was observed in the subpopulation of glomeruli
ular sclerosis in these animals. The number of visceral epi-with an intermediate volume.
thelial cells per glomerulus was assessed because puro-Changes in glomerular structure following nephrosis
mycin exerts its toxic effect primarily on this cell type.were not associated with a change in the fraction of the
Recent studies have suggested that visceral epithelial cellstuft surface in contact with the juxtaglomerular appara-
cannot divide, or at least cannot divide into new cellstus. Glomerular changes were accompanied by tubular
that provide normal cover for glomerular capillaries [7,and interstitial changes, as summarized in Table 4. The
8, 14–16]. We hypothesized that acute puromycin toxicityvolume fraction of the cortical interstitium was increased
might cause an irreparable reduction in epithelial cellto 24  5% in puromycin treated rats from 17  2% in
number that could precipitate sclerotic injury, as pro-control rats. Thus, the volume of the cortical interstitium
posed by Fries et al [7] and Kriz [16]. We found that theincreased by an even larger portion than the total volume
of the cortex. Despite the atrophy of some tubule seg- visceral epithelial cell number was not reduced following
ments, the increase in cortical volume was accompanied recovery from nephrosis, as the value for visceral epithe-
by an increase in the total length of intact proximal tu- lial cell number in control rats was close to that obtained
bules while the diameter of these tubules remained con- by other investigators using the fractionator method, and
stant. The fraction of the tubule surface in direct contact the value in puromycin rats was nearly the same [17]. More-
with peritubular capillaries was numerically but not sta- over, an increase in glomerular volume, such as that
tistically lower in puromycin treated rats than in controls. observed in rats with chronic nephrosis caused by multi-
Tubules in areas of increased interstitium, however, had ple doses of puromycin, was not seen in rats recovering
a reduced contact with peritubular capillaries (Fig. 9). from nephrosis induced by a single dose [18]. Thus, late
glomerular injury following acute nephrosis cannot be
DISCUSSION attributed to an insufficiency of visceral epithelial cells
relative to glomerular size.Progressive renal injury develops following the initial
recovery from several forms of acute renal injury. Among Quantitative measurements on serial sections, how-
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Fig. 9. Tubulointerstitial structure in the cortex.
The left panels illustrate normal structure in a
control rat. The lower panel provides a diagram-
matic representation of the extensive contact of
tubules with peritubular capillaries. The right
panels illustrate focally abnormal structure in a
rat recovering from acute nephrosis. Tubule con-
tact with capillaries is reduced and some capil-
laries are no longer in contact with tubules. Ab-
breviations are: PT, proximal tubules; DT, distal
tubules; CD, collecting duct; V, vessels.
ever, did reveal residual glomerular injury in rats recov- sive evidence that filtered macromolecules can injure
tubule epithelial cells and it seems possible that parietalering from nephrosis. The most striking finding was the
presence of synechias, or adhesions, between the tuft epithelial cells may be affected by similar processes [25].
It should be emphasized that synechias may escapeand Bowman’s capsule in the great majority of glomeruli.
The mechanisms by which synechias form are not well notice on routine examination. This is especially the case
during examination of biopsy tissue, which cannot be per-defined. One suggestion is that focal detachment of vis-
ceral epithelial cells from peripheral capillary loops initi- fusion fixed, or of relatively thick sections. Large synech-
ias are typically associated with loss of luminal volumeates formation of synechia [4, 8, 19]. Contact between
the denuded glomerular basement membrane and Bow- in multiple capillary loops and thus appear as a feature
of segmental sclerosis. Capillary distortion adjacent toman’s capsule is thought to evoke an adhesive reaction
that may be magnified by subcapsular accumulation of smaller synechias is often limited, and adhesion of the
tuft and capsule therefore may not be distinguished fromfiltered proteins [19–22]. It seems possible that parietal
cell alterations also could contribute to the formation of simple epithelial cell contact. In addition, accurate esti-
mation of the prevalence of synechias requires examina-synechia. In the current study, parietal cell enlargement
and capsular basement membrane thickening were some- tion of serial sections. We presume that differences in
morphologic technique account for the fact that synech-times observed in areas where there were no synechia.
Previous studies have described parietal epithelial cell ias were observed in the majority of glomeruli in rats
given puromycin in the current study but not describedhypertrophy in human renal diseases characterized by
heavy proteinuria [23, 24]. While the stimuli responsible in previous studies of similarly prepared animals [3, 6].
Examination of serial sections in rats recovering fromfor these changes have not been identified, there is exten-
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nephrosis also revealed a subpopulation of glomeruli with and cellular infiltration associated with tubular atrophy
a reduced size. In accord with previous reports, a few and occasional occlusion of tubules by protein casts [4–6,
very small atubular glomeruli were found in control kid- 28]. While some tubules were atrophic, the diameter
neys [26]. Such glomeruli may fail to attain a normal struc- of intact proximal tubules remained normal and total
ture during development. Recent studies have shown that proximal tubule length was increased. It has been sug-
the number of normal glomeruli in mature rats is depen- gested that capillary loss may contribute to tubular injury
dent on perinatal nutrition and hormonal status [27]. and interstitial fibrosis [33]. In the current study, the
Further study is required to determine whether these portion of the tubular surface in contact with capillaries
factors also affect the number of very small glomeruli. was low in some areas, as illustrated in Figure 9, but was
The number of very small atubular glomeruli was similar not significantly reduced overall.
in kidneys from puromycin-treated rats and controls. In An obvious question is what role the injury present
addition, however, kidneys from puromycin rats con- after recovery from nephrosis plays in the late develop-
tained glomeruli of intermediate size. Most of these glo- ment of glomerular sclerosis. The portion of shrunken
meruli were connected to atrophic tubule segments or glomeruli with atrophic tubules is small. Simple ablation
were atubular. We had previously observed a subpopula- of this portion of the nephron population would not be
tion of glomeruli with reduced volume and collapsed expected to cause accelerated glomerular sclerosis [34];
appearance in a study of rats recovering from unilateral however, it is possible that nephrons whose tubules have
puromycin nephrosis [28]. Results of the current study atrophied somehow injure their neighbors. Marcussen
prompted us to re-examine these glomeruli in serial sec- et al found that development of atubular glomeruli in
tions and, as expected, they proved to be atubular or rats with lithium or cisplatinum toxicity was not accom-
attached to atrophic tubule segments (unpublished ob- panied by segmental sclerosis in glomeruli that remained
servations). connected to tubules [29, 35]. In contrast, Pagtalunan et
The mechanisms responsible for the appearance of al found that the appearance of atubular glomeruli after
shrunken glomeruli with atrophic tubules following re- ischemic tubular injury was followed by late develop-
covery from nephrosis remain to be established. Visceral ment of proteinuria and segmental glomerular sclerosis
epithelial cell number in these glomeruli was not notably [30, 36]. The differences in the late consequences of these
reduced and the extent of synechias was not greater than forms of tubule injury remain to be explained.
average. These findings suggest that shrinkage was not Synechias also might precipitate progressive glomeru-
caused by unusually severe podocyte injury. Kriz et al lar injury. Recovery from puromycin-induced protein-
[20] have recently analyzed the development of atubular uria reflects restoration of epithelial cell structure along
glomeruli in the rats with sustained epithelial cell injury.
the capillary filtration surface [1, 2]; however, normal
In this setting, capsular lesions spreading circumferen-
structure is not restored where capillary loops are joinedtially from the site of synechias appears to obliterate
to the capsule in synechias. “Misdirected” filtration ofglomerular-tubular junctions. This pattern of injury was
proteins into the synechial lesion could continue evenseen very infrequently in the current study of acute ne-
after urine protein excretion returns to normal. Thisphrosis. Studies in other disease models suggest that
process, as recently described by Kriz et al [20], couldtubular injury may have been responsible for the appear-
presumably result in gradual enlargement of the synech-ance of smaller-sized glomeruli following acute nephro-
ial lesion, resulting in segmental sclerosis and/or occlu-sis. Shrunken glomeruli that are not attached to normal
sion of the proximal tubule neck.tubules have been observed in rats with toxic tubular
In addition to structural injury, functional alterationsinjury and in rats with ischemic tubular injury [12, 29, 30].
have been observed in kidneys recovering from puromy-These findings suggest that any form of tubular injury, if
cin nephrosis. Anderson et al [3] demonstrated increasedsevere enough, can result in atrophy of upstream tubule
glomerular capillary pressure while Baboolal and Meyersegments and shrinkage of the glomerulus. In the setting
[28] demonstrated reduced fractional sodium excretionof proteinuria, tubular injury may be initiated by a vari-
in this setting. Dissecting the relation of these abnormali-ety of processes, including the toxic effects of filtered
ties to each other and to the subsequent developmentmacromolecules and luminal obstruction by protein casts
of progressive renal injury will require further study.[20, 28, 31, 32]. At present, however, it is not possible
As noted above, one possible mechanism of injury isto determine whether the combination of glomerular
enlargement of synechias, and pressure dependence ofvolume reduction and tubule loss is initiated by tubular
this phenomenon would align the findings of our currentinjury, vascular injury, or an intrinsic glomerular process.
study with those of Anderson et al [3]. It should beThe appearance of shrunken glomeruli was associated
emphasized, however, that both glomerular and tubulo-with patchy tubulointerstitial changes throughout the
interstitial structures are abnormal in rats recoveringkidney. In accord with previous studies, tubulointerstitial
injury was characterized by foci of interstitial fibrosis from puromycin nephrosis, and that at this point empha-
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changes in rat renin secretory granules after acute and chronicsis on one or another change as the cause of continuing
stimulation of the renin system. Cell Tissue Res 292:563–571, 1998injury reflects preference and not proof. 14. Barisoni L, Kriz W, Mundel P, D’Agait V: The dysregulated
In summary, the current study re-examined the renal podocyte phenotype: A novel concept in the pathogenesis of col-
lapsing idiopathic focal segmental glomerulosclerosis and HIV-structure following recovery from acute puromycin ne-
associated nephropathy. J Am Soc Nephrol 10:51–61, 1999phrosis. Use of quantitative stereologic techniques al- 15. Kihara I, Tsuchida S, Yaoita E, et al: Podocyte detachment and
lowed the detection of residual glomerular changes pre- epithelial cell reaction in focal segmental glomerulosclerosis with
cellular variants. Kidney Int 52(Suppl 63):S171–S176, 1997viously unobserved in this setting. A reduction in visceral
16. Kriz W: Progressive renal failure–inability of podocytes to repli-epithelial cell number was not observed, while synechias
cate and the consequences for development of glomerulosclerosis.
of the tuft to capsule were found in the large majority Nephrol Dial Transplant 11:1738–1742, 1996
17. Bertram JF, Soosaipillai MC, Ricardo SD, Ryan GB: Total num-of glomeruli. A subpopulation of glomeruli were reduced
bers of glomeruli and individual glomerular cell types in the normalin volume and not attached to normal tubule segments.
rat kidney. Cell Tissue Res 270:37–45, 1992
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Int 50:768–775, 1996changes, may contribute to the progression of renal dis-
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